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Abstract. A new Fast CPC (FCPC) using butanol as working
ﬂuid has been built based on the setup described by Wang et
al. (2002). In this study, we describe the new instrument. The
functionality and stable operation of the FCPC in the labo-
ratory, as well as under atmospheric conditions, is demon-
strated. The counting efﬁciency was measured for three
temperature differences between FCPC saturator and con-
denser, 25, 27, and 29K, subsequently resulting in a lower
detection limit between 6.1 and 8.5nm. Above 25nm the
FCPC reached 98–100% counting efﬁciency compared to an
electrometer used as the reference instrument. The FCPC
demonstrateditsabilitytoperformcontinuousmeasurements
over a few hours in the laboratory with respect to the to-
tal particle counting. The instrument has been implemented
into the airborne measurement platform ACTOS to perform
measurements in the atmospheric boundary layer. Therefore,
a stable operation over two hours is required. The mixing
time of the new FCPC was estimated in two ways using a
time series with highly ﬂuctuating particle number concen-
trations. The analysis of a sharp ramp due to a concentration
change results in a mixing time of 5ms while a spectral anal-
ysis of atmospheric data demonstrates that for frequencies up
to 10Hz coherent structures can be resolved before sampling
noise dominates.
1 Introduction
Condensation Particle Counters (CPCs) are the most widely
used instruments for measuring submicrometer aerosol par-
ticle number concentrations. Inside the CPC, particles which
aretoosmalltobedetectedbydirectopticalmeans, growdue
to the condensation of a working ﬂuid. Afterwards, they are
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detected by a laser-photodiode optics. Generally, there are
three types of CPCs: (1) adiabatic expansion, (2) conduc-
tive cooling or continuous ﬂow, and (3) mixing type (Baron
and Willeke, 2001). In atmospheric research, the continuous
ﬂow type CPC is most frequently used, because of its robust-
ness and reliability. The typical temporal resolution of the
simpler unsheathed CPCs is on the order of seconds (Quant
et al., 1992; Buzorius, 2001; Held and Klemm, 2006). This
“low” temporal resolution is caused by zones of recirculation
and the relatively large time required to establish the super-
saturation in the laminar ﬂow condenser (Wang et al., 2002).
In atmospheric science, many open questions about parti-
cle dynamics require highly time-resolved particle measure-
ments. The spectrum covers vertical turbulent particle ﬂuxes
(e.g., the covariance of the vertical velocity and aerosol num-
ber concentration), thin stratiﬁed layers of increased parti-
cle number concentrations, as well as new particle formation
due to nucleation and growth connected with turbulent mix-
ing. Enhanced concentrations of small particles have been
observed around clouds (Hoppel et al., 1994; Weber et al.,
2001) or around the inversion layer due to the mixing pro-
cesses (Stratmann et al., 2003; Siebert et al., 2004). All these
phenomena can occur on small spatial scales or are based on
atmospheric ﬂuctuations due to the turbulence of the under-
lying velocity ﬁeld (Wehner et al., 2010).
Although ground-based measurements of atmospheric
particle ﬂuxes were reported in the past (Buzorius et al.,
1998, 2001; Held and Klemm, 2006; Klemm et al., 2006),
measurements with higher temporal resolution are required
to resolve the high frequency part of the covariance. In
previous experiments, this high frequency part has been ig-
nored leading to an underestimation of the vertical aerosol
ﬂux. This is also true, in particular, for airborne measure-
ments where the requirements for the sampling frequency are
even higher to resolve small structures. Nucleation around
clouds was mainly observed by fast-ﬂying aircraft (Weber et
al., 2001); with a time resolution in the order of one second
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the spatial resolution resulting from the true air speed of the
aircraft (∼100ms−1) is 100m. New particle formation may
be a locally restricted phenomenon and, thus, aircraft-borne
systems received only a few measurement points in the re-
gion where new particles were formed.
Airborne particle measurements with a higher spatial reso-
lution can be achieved by two ways: (1) reduction of the true
airspeed (TAS) of the aircraft, and (2) development of faster
instrumentation. The ﬁrst option has already been realised
by choosing a helicopter operating with a TAS of 20ms−1,
which improves the spatial resolution by a factor of ﬁve com-
pared with a typical research aircraft with a typical TAS of
∼100ms−1. To increase the temporal resolution of aerosol
measurements, the development of so-called “mixing-type
CPCs” was started in the eighties (Okuyama et al., 1984). In
theseinstruments, acoldaerosolﬂowismixedwithawarmer
saturated gas ﬂow. In a demonstration study, Wang et al.
(2002) showed that mixing times as small as 0.06s can be
achieved with a new design, which is at least 10 times faster
than any commercial unsheathed CPC.
Besides the advantage of having fast CPCs as stand-alone
instruments, they are also very useful as part of a Scanning
Mobility Particle Sizers (SMPS) system, which measures the
particle size distribution. The currently used SMPS systems
are limited in time resolution to about 2min, mainly caused
by the slow response of the CPC. With their fast mixing CPC,
Wang et al. (2002) have shown that scan times down to 3s
might be possible under certain conditions. However, in the
atmosphere the limiting factor is mostly the number concen-
tration due to counting statistics, thus, atmospheric back-
ground measurements will probably not allow scan times
shorter than 30s.
For fast particle measurements, the usage of mixing type
CPCs has, therefore, been considered and tested in differ-
ent studies. However, a continuous and stable operation un-
der atmospheric conditions has not been reported yet for a
fast mixing type CPC. Recently, Vanhanen et al. (2011) used
the principle of particle growth due to turbulent mixing with
a saturated gas ﬂow to measure aerosol particles down to
1nm. During a ﬁeld study over several days, its functional-
ity for ambient measurements was demonstrated. In this in-
vestigation, we developed and characterised a new Fast CPC
(FCPC), which is designed for airborne applications in the
atmospheric boundary layer. In the following section, we de-
scribe the assembly of the FCPC. Thereafter, the dependency
of the counting efﬁciency on the temperature difference be-
tween saturator and condenser, its counting stability as well
as the time resolution will be presented and discussed.
2 Setup
The Fast CPC (FCPC) presented here is based on the princi-
ple of the mixing-type CPC described in Wang et al. (2002)
and is shown in Fig. 1. Basically, a warm butanol-saturated
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Fig. 1. Schematic of the new Fast CPC. A warm butanol-saturated
air ﬂow is mixed with the aerosol ﬂow inside a Swagelok “T”. In
the following condenser block the air is cooled, causing the required
growth of aerosol particles to be counted inside the optics.
air ﬂow is mixed with the aerosol ﬂow within a small mixing
volume. Before entering the saturator, the air ﬂow is pressed
through a ﬁlter and controlled by a needle valve. The sat-
urator contains a wick, which is soaked with liquid butanol
duringoperation. Furthermore, thesaturatorisequippedwith
a heating foil and a temperature sensor to provide a deﬁned
temperature inside. Similar to Wang et al. (2002), who used a
1/4 inch Swagelok cross in our case a 1/4 inch Swagelok “T”
is used as the mixing chamber. We tried both options: the
Swagelok cross and “T” with similar results. The “T” ver-
sion was ﬁnally chosen because it saves space in comparison
to the cross version. In the following condenser block, the
air is cooled causing the required growth of aerosol particles.
The Swagelok “T” is isolated and decoupled thermally from
the condenser block by a teﬂon cartridge to avoid cooling of
the saturator ﬂow before mixing.
The condenser block downstream of the mixing cham-
ber is cooled by a Peltier element and again temperature-
controlled by a temperature sensor. The inner diameter of the
condenser was decreased to 3mm to minimize the residence
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time there compared to other CPCs. Because butanol is con-
tinuously condensing on the walls of the condenser, a vac-
uum ﬂow of 0.2lmin−1 is connected through a condensation
trap to remove any condensed butanol. The butanol droplets
are counted in a standard optics from a TSI CPC 3772. The
temperatureswithinthesaturator(TS)andthecondenser(TC)
can be varied and were changed during the calibration proce-
dure. The reason to do that is to shift the lower measurement
limit, i.e., the 50% detection efﬁciency diameter (DP50). The
cooled condenser block is different from the setup described
in Wang et al. (2002) and other mixing-type CPCs described
in the literature, where no active cooling is applied. There-
fore, we do not call our instrument “mixing-type CPC”, but
the operation principle is somehow similar. The advantage of
this chosen setup is the lower temperature difference saving
power for cooling and heating which is an important point
for airborne applications. Another advantage for our pur-
pose is the stable temperature difference between saturator
and condenser which is in fact not possible for real mixing-
type CPCs without controlling the inlet temperature because
usually ambient temperatures may vary.
Aerosol and saturator ﬂow rate of 0.3lmin−1 and
0.7lmin−1 were found to fulﬁl the requirements concerning
counting statistics, short residence times and stable opera-
tion best. The ﬂows through the saturator and optics were
adjusted by needle valves and are monitored continuously
during operation. The FCPC was designed to be applied at
airborne applications, therefore, no liquid butanol, which is
not soaked by the wick, should be within the instrument. The
typical duration of helicopter-borne measurement ﬂights is
usually about two hours, therefore, ﬁlling the wick is sufﬁ-
cient and no continuous butanol ﬁlling is required. The ab-
sence of liquid butanol in the instrument reduces the num-
ber of potential wrong counting during ﬂight. The presented
ﬁeld version is the result of a few-year process. The devel-
opment included also half a dozen laboratory versions which
did not fulﬁl the requirements sufﬁciently. Thus, for instance
a horizontally-oriented saturator and a condenser without
butanol-removal did not allow for a stable operation under
atmospheric conditions.
3 Characterisation of the Fast CPC
3.1 Counting efﬁciency
The particle counting efﬁciency curve was determined ac-
cording to the setup described by Hermann et al. (2007); Her-
mann and Wiedensohler (2001); Wiedensohler et al. (1997).
Here, polydisperse silver aerosol was generated in a tube fur-
nace at temperatures of 1050–1150 ◦C according to Scheibel
and Porstend¨ orfer (1983). Downstream of the furnace, a di-
lution system was used to keep the particle number concen-
tration at the CPCs between 1000 and 5000particlescm−3.
Thisrangewaschoseninordertohaveagoodsignal-to-noise
ratio at the reference electrometer (EM, TSI 3068B) and to
minimize coincidental effects in the CPC optics. After di-
lution, the aerosol particles were charged in an 85Kr bipo-
lar charger (Wiedensohler, 1988) and a monodisperse frac-
tion was selected by a differential mobility analyser (DMA,
Vienna-type, short: L=11cm, rin =2.5cm, rout =3.35cm).
The sheath and excess air ﬂow rates of the DMA were ad-
justed to 20lmin−1, the aerosol and sampling ﬂow rate was
set to 2lmin−1. Downstream of the DMA, the monodis-
perse aerosol was diluted with particle-free air to achieve
the required total ﬂow rate for the particle counter(s) and
the aerosol electrometer as reference instrument. The in-
dividual instruments were fed from a 2m long tube header
with 11 ports downstream of the DMA. Sampling lines from
the header to the instruments were arranged in a symmet-
rical pattern each with a 50cm straight line. The EM ﬂow
rate was 2lmin−1 and the EM data were corrected for back-
ground offset, measured regularly between the particle mea-
surements. The different sampling ﬂows of FCPC and EM
cause differences in diffusional losses mainly below 20nm.
The presented values are corrected for these losses. During
our study, the temperature in the condenser of the FCPC was
kept constant at 10 ◦C while the saturator temperature was
set to 35 ◦C, 37 ◦C, and 39 ◦C. These settings were chosen
because of stable and reliable FCPC performance in the lab-
oratory and in the atmosphere. For much higher tempera-
ture differences, the measurements became unstable and for
much lower temperature differences the counting efﬁciency
went down.
The counting efﬁciency was measured for diameters be-
tween 5 and 30nm, the counting time at each selected diam-
eter was 5min. The calibration curves were measured at least
three times for each temperature difference and mean values
were calculated. The FCPC particle counting efﬁciency η
was ﬁnally calculated as the ratio of the mean FCPC and EM
particle number concentrations at each individual particle di-
ameter DP.
Figure 2 shows the mean values for the FCPC at the three
different temperature settings. Uncertainties in the particle
diameter selected by the DMA are mainly caused by devia-
tions from the chosen ﬂow ratio and are less than 2% for this
setup. A systematic error in particle size is caused due to the
shape of the size distribution produced by the tube furnace.
For our measurements, particle sizes larger than the maxi-
mum of the size distribution were chosen in order to mini-
mize the effect of multiple charges on the EM reading. Due
to the skewing and the width of the DMA transfer function,
the maximum of the selected particles size is slightly shifted
to smaller sizes not more than 2% in our case. Uncertainties
in the counting efﬁciency result from the standard deviations
of the mean counting efﬁciencies at each diameter. For the
FCPC the standard deviation was usually below 5% of the
counting efﬁciency, but in the cutoff region it can be higher
(up to 10%).
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Fig. 2. Counting efﬁciency of the Fast CPC at different tempera-
ture differences compared to the electrometer (TSI 3068B). Squares
present the mean measurement points, the solid lines are ﬁtted us-
ing Eq. (1). The corresponding ﬁt parameters as well as the 50%
detection diameter DP50 are given in Table 1.
The counting efﬁciency data were ﬁtted using a three-
parameter exponential function according to Wiedensohler
et al. (1997):
η = a − exp

D1 − DP
D2

. (1)
With the help of this empirical approach, the diameters
of the 50% particle detection efﬁciency, DP50, were calcu-
lated. In this context, the DP50 was deﬁned as particle diam-
eter where the counting efﬁciency reaches half the maximum
of the reference instrument reading (100%). The ﬁtting pa-
rameters as well as the DP50 values are summarized in Ta-
ble 1. The parameter a describes the maximum value which
is reached by the counting efﬁciency curve. Usually it should
be close to 1 which is also the case for the FCPC. The two
parameters D1 and D2 are characteristic diameters for each
curve: D1 is close to DP50, D2 is signiﬁcantly lower and
may be considered as the diameter where the FCPC does not
count any particles. Both diameters are shifted to lower sizes
with increasing temperature difference, as expected (Banse
et al., 2001). The three curves are similar in shape. For the
given temperature settings, the DP50 varies between 6.1 and
8.5nm. In general, the shape of the curves is similar to other
commercial CPCs as presented in Hermann et al. (2007),
Pet¨ aj¨ a et al. (2006) and Wiedensohler et al. (1997).
As shown in Wang et al. (2002), the ratio between aerosol
and saturator ﬂow also inﬂuences the measurement perfor-
mance of the FCPC. To investigate this in detail, one par-
ticle diameter from the cutoff region was selected for each
temperature difference and the aerosol ﬂow was varied be-
tween 0.1 and 0.4lmin−1. The ﬂow of 1lmin−1 through
the optics was kept constant during all measurements. The
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Fig. 3. Counting efﬁciency of the Fast CPC at different temperature
differences and different aerosol ﬂows compared to the electrometer
(TSI 3068B) for selected particle diameters. The total ﬂow (satura-
tor+aerosol ﬂow) was kept constant at 1lmin−1. Squares present
the mean measurement points, the error bars the standard deviation.
Table 1. Fit parameters a, D1 and D2 for Eq. (1) as well as the
50% detection diameter DP50 of the mean FCPC counting efﬁ-
ciency curves as presented in Fig. 2.
TS [◦C] TC [◦C] a D1 D2 DP50 [nm]
39 10 1.00 5.5 1.1 6.1
37 10 0.99 5.6 1.9 7.1
35 10 0.98 6.7 2.5 8.5
results are presented in Fig. 3. The squares present the mean
measurement points, the error bars the standard deviation.
Each temperature difference has a maximum counting efﬁ-
ciencyregionbetween0.15and0.30lmin−1, for37 ◦C|10 ◦C
and 39 ◦C|10 ◦C the variation between these aerosol ﬂow
settings causes less than 10% variation in the counting ef-
ﬁciency. This is a good result, because the FCPC seems
to be relatively insensitive compared to small ﬂuctuations
in the ﬂow ratio. The deﬁnition of the optimum aerosol
ﬂow also inﬂuences the counting statistics. Thus, the lower
the aerosol ﬂow is, the fewer particles are counted, result-
ing in higher uncertainties and lower time resolution. Thus,
for the presented instrument a compromise between count-
ing efﬁciency and statistics was selected to deﬁne the aerosol
ﬂow to 0.3lmin−1, which is still in the maximum region for
37 ◦C|10 ◦C and 39 ◦C|10 ◦C being the preferred temperature
differences. For an operation at 35 ◦C|10 ◦C the aerosol ﬂow
might be decreased to 0.25lmin−1.
Atmos. Meas. Tech., 4, 823–833, 2011 www.atmos-meas-tech.net/4/823/2011/B. Wehner et al.: Characterisation of Fast CPC 827
 
0 10000 20000 30000 40000 50000 60000
0
10000
20000
30000
40000
50000
60000
 
 
T
r
u
e
 
p
a
r
t
i
c
l
e
 
n
u
m
b
e
r
 
c
o
n
c
e
n
t
r
a
t
i
o
n
 
N
t
r
u
e
 
[
c
m
-
3
]
Measured particle number concentration 
N
meas [cm
-3]
 FCPC
 fitting function
      c = 2.1*10
-6 cm
-3
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3.2 Particle coincidence
The calibration setup was used to also investigate the ef-
fect of a coincidence on the measured number concentration
measured by the new FCPC. For this purpose 30-nm par-
ticles were generated with different number concentrations
between 100 and 58000cm−3. FCPC and EM measured in
parallel at each selected concentration, while the EM is con-
sidered to give the true particle number concentration Ntrue.
The relation between true and measured number concentra-
tion inﬂuenced by coincidence is given in the CPC-manuals
(e.g., TSI Operation and service manual for CPC 3771/3772)
as:
Ntrue = Nmeas exp (Ntrue · c). (2)
Here, c is the coincidence parameter which is given by the
product of the volume ﬂow rate and the residence time within
the viewing volume of the CPC optics. The measurement re-
sults from EM and FCPC are displayed in Fig. 4. To correct
measureddataforcoincidence, afunctionisﬁttedtothemea-
surement points according to Hermann and Wiedensohler
(2001), resulting in a c of 2.1×10−6 cm−3. To calculate c
from theory, we use the volume ﬂow rate of 0.3lmin−1 and
the residence time in the viewing volume of 0.35µs (cf. TSI
Operation and service manual for CPC 3771/3772) result-
ing in a theoretical value for c of 1.75×10−6 cm−3 which is
close to the value obtained from measurements above. This
demonstrates that the coincidence of the FCPC, because of
its low volume ﬂow rate, is lower than for the unsheathed
commercial CPCs such as TSI 3772 and the operation range
can be easily extended to concentrations up to 60000cm−3.
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Fig. 5. Comparison of FCPC and TSI 3776 sampling room air from
the laboratory. The upper plot displays the time series of the ra-
tio number concentrations FCPC/TSI 3776. The horizontal green
line displays the average value (0.85) during the ﬁrst 250min. The
lower plot shows the direct comparison of the number concentration
measurement for the ﬁrst 250min as well as a linear ﬁt.
3.3 Counting stability
In addition to the size-dependent counting efﬁciency, the
measurement stability of a particle counter had to be inves-
tigated. Because of the deployed mixing, this is not a trivial
question. The presented FCPC is intended to measure on-
board the helicopter-borne platform ACTOS (Siebert et al.,
2006), where measurement ﬂights typically last two hours.
Thus, stable particle counting over this period, at least, is re-
quired for any deployed instrumentation. To test the stability,
various measurements were performed in the laboratory.
First, the FCPC was operated over a few hours in par-
allel with a TSI CPC 3776 under laboratory conditions.
Figure 5, upper graph, shows the evolution of the ratio
FCPC/TSICPC 3776 within 7h measuring ambient air from
the laboratory. The FCPC was operated with TS =37 ◦C and
TC =10 ◦C and butanol was added into the saturator only
prior to the measurement. In fact, the ratio between both
CPCs was stable for 5h, which is sufﬁcient for the desired
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ﬂight endurance, with an average concentration ratio of 0.85.
Both CPCs have a different DP50 which would lead to dif-
ferent total number concentrations if the fraction of particles
between 3 and 7nm varies. There was no source for ultra-
ﬁne particles active in the laboratory during the test, and the
total concentration decreased from 1300cm−3 to 500cm−3
during the ﬁrst 150min. There was no measurement of num-
ber size distributions available to quantify the change during
the observed period. However, we expect that the number
concentration between 3 and 7nm decreased, because there
was no source for such small particles and their lifetime is
short. This can also be seen from a slightly positive trend in
the ﬁrst part of the observed period (Fig. 5, upper graph).
The lower graph of Fig. 5 shows the scatter plot of mea-
sured number concentrations during the ﬁrst 250min. Obvi-
ously measurements from both counters are well correlated
(R2 =0.98), the standard deviation from the linear trend is
∼19 (square root of the mean error). After 6h of continu-
ous operation, the counting efﬁciency dropped signiﬁcantly
caused by the smaller butanol reservoir of the FCPC com-
pared to the TSI CPC 3776.
In addition to the comparison of total number concen-
trations, the stability at individual particle sizes was in-
vestigated. With regard to the counting efﬁciency curve
(Fig. 2), measurements at individual diameters were per-
formed: (1) diameters on the slope of the counting efﬁ-
ciency curve (close to DP50), to check how stable the loca-
tion of DP50 is, and (2) diameters above the cutoff region,
i.e., where the maximum counting efﬁciency was reached.
For laboratory-generated, monodisperse particles the EM is
the most reliable reference instrument and was, therefore,
used for further measurements.
Figure 6 shows the ratio of number concentrations mea-
sured by the FCPC and the EM for 8-nm silver particles over
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Fig. 7. Counting efﬁciency of the FCPC in comparison with the
electrometer (ratio FCPC/EM) measuring 30-nm silver particles at
37◦C|10◦C: the upper plot shows the ratio FCPC/EM, the lower
one the corresponding scatter plot of the number concentrations.
The red line displays the linear trend in the lower plot.
2h. The FCPC was operated at TS|TC =37 ◦C|10 ◦C. Con-
sequently 8nm correspond to the steep part of the counting
efﬁciency curve (η≈0.6, cf. Fig. 2). The FCPC/EM ratio de-
creased during that time by approximately 0.08 or 13% from
the initial value, resulting from the linear trend which is ﬁt-
ted to the data. Further measurements with diameters in the
cutoff region of the counting efﬁciency curve gave a similar
picture. This decrease in counting efﬁciency is probably due
to the decreasing butanol reserve within the saturator of the
FCPC. Thus, either the decreasing butanol reserve decreases
the counting efﬁciency in general or it shifts only the 50%-
detection efﬁciency diameter towards larger diameters. To
prove this, measurements at 30nm were performed, where
the counting efﬁciency is at its maximum value.
Figure 7 shows the ratio of number concentrations mea-
sured by the FCPC and the EM for 30-nm silver particles
(upper plot), and the corresponding scatter plot of the abso-
lute concentration values (lower plot). The FCPC was oper-
ated again at TS|TC =37 ◦C|10 ◦C. The mean ratio is stable
over six hours and a trend is not recognizable. The lower
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plot illustrates that both measurements are well correlated
(R2 =0.94), the standard deviation from the linear trend is
81cm−3.
In summary, it was shown that the counting efﬁciency at
30nm was stable while the counting efﬁciency at 8nm de-
creased by 13% over 2h of continuous operation. From these
results, we can conclude that a decrease in the butanol con-
tent causes a shift in the counting efﬁciency curve to larger
diameters. The shape of the curve as well as the maximum
counting efﬁciency is stable. Thus, a decreasing butanol
reservoir has an effect on the counting efﬁciency mainly in
the cutoff region (∼6–12nm) including the DP50. The 13%-
decrease at 8nm within 2h results in a shift of approximately
0.5nm to larger diameters. A diameter shift of 0.5nm is
probably similar to the uncertainty of the DMA size selec-
tion due to deviations from the ideal ﬂow rates as well as
those due to skewing of the initial size distribution in con-
nection with the width of the transfer function.
3.4 Time response: experiments under atmospheric
conditions
ThetimeresponseofCPCswasinvestigatedinpreviousstud-
ies by different techniques. Mostly fast-reacting valves in
laboratory setups were applied (e.g., Held and Klemm, 2006)
or the statistical behaviour of natural ﬂuctuations of particle
concentrations due to atmospheric turbulence was analysed
(Buzorius, 2001).
Our approach is taking advantage of the combination of at-
mospheric turbulence near ground and a strong isolated par-
ticle source, which results in strong ﬂuctuations due to sharp
gradients in the particle number concentration. Such strong
gradients are usually not observed in the atmosphere, but the
resulting conditions provide a perfect environment estimat-
ing the time response of the new FCPC. The following anal-
ysis is two-fold: (i) the structure of a sharp ramp is analysed
to estimate the typical time response, and (ii) power spec-
tral analysis is used to distinguish between coherent struc-
tures of particle concentration in a turbulent ﬂow ﬁeld and
white noise of purely Poisson distributed particles. Coherent
structures will result in a power spectrum with a slope of ap-
proximately “−5/3” (so-called “inertial subrange behavior”,
Wyngaard, 2010), whereas white noise will result in a ﬂat
spectrum. The latter can be due to increasing sampling noise
which means that not enough particles are counted within
the sampling gate or that the time response of the FCPC is
too low to resolve the coherent structures.
3.4.1 Time series analysis
Figure 8 shows a 800-s long record of the particle number
concentration N measured with the FCPC under atmospheric
conditions. The FCPC was placed at a height of ∼1m above
ground, a gasoline power generator was running as a particle
point source 5m upstream of the measurement location. The
mean wind speed was about 2–3ms−1 with slightly vary-
ing direction. The sampling gate of the data acquisition sys-
tem was set to 10ms which implies a sampling frequency of
100Hz.
The time series indicates strong ﬂuctuations of N with
the amplitude of N ranges from about 1 to 3×104 cm−3 for
theatmosphericbackgroundsuperimposedbyconcentrations
of up to 8×104 cm−3 representative for the exhaust of the
power generator.
A 25-s long subrecord is shown in the lower panel and
highlights the sharp ramp structures in the time series at the
edges of the “exhaust events”. Such sharp ramps will now be
used to estimate the typical time response of the FCPC.
It is widely common to describe the temporal behaviour of
a CPC as a “ﬁrst-order response system”, which means the
change of the measured concentration dNi/dt is proportional
to the difference (δN =N0 −Ni) between the true concen-
tration N0 and the measured concentration Ni. Assuming
the true concentration exhibits a step function at time t0 and
jumps from N0 to N1 the measured concentration can be de-
scribed by:
Ni(t) = N1 + (N0 − N1) · exp

−(t − t0)
τ

, (3)
for t >t0 and with τ is the mixing time of the FCPC.
Figure 9 shows a 120-ms long subrecord including a sharp
ramp which is marked by the blue box in Fig. 8. The
change of the particle number concentration δN is about
6×104 cm−3. It has to be pointed out that the gate width
of 10ms which was chosen for technical reasons is not suf-
ﬁcient to fully resolve this jump. Therefore, it is not pos-
sible to deﬁne t0 exactly. Using τ =5ms and t0 =660.275s,
Eq. (3) yields a function which best ﬁts with the observations
(see dashed green line in Fig. 9). However, with this obser-
vation and in particular the long gate of 10 ms, the mixing
time τ can only be roughly estimated. For comparison, the
mixing time for TSI CPC 3010, being a comparable also un-
sheathed instrument, was measured in different studies and is
between 0.77 and 0.96s (Buzorius, 2001; Held and Klemm,
2006), which is approximately a factor of 50 to 200 higher
compared to the new FCPC.
3.4.2 Spectral behaviour
The estimated mixing time is a parameter which only de-
scribes the technical response of the FCPC. However, the
question of how fast the FCPC can measure under atmo-
spheric conditions depends also on the counting process it-
self. If the number of counted particles is low, the statisti-
cal uncertainty of the counting process might mask coherent
structures which are present in the atmosphere.
In order to distinguish between the coherent structures in
the turbulent concentration ﬁeld and white noise of purely
Poisson distributed particles, spectral analysis was applied.
From a measured time series N(t) power spectral density
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Fig. 8. Time series of particle number concentration N measured with the FCPC under atmospheric conditions, about 5m downstream of
an artiﬁcial particle source (gasoline power generator). The sampling gate was 10ms. At the end of the record (t ∼600–720s), the power
generator was running out of gasoline resulting in an increased production of particles. The lower panel shows an enlarged portion of the
record with strong variation of N due to the ﬂuctuations of the wind direction and the particle production of the power generator. The blue
box depicts a sharp ramp analysed in Fig. 9.
functions (PSD) were estimated by using a Fast Fourier
Transformation (FFT). That is, the variance of N per fre-
quency interval is displayed as a function of frequency f.
From turbulence theory (e.g., Wyngaard, 2010, and refer-
ences therein) it is known that the PSD of a turbulent time
series results in a spectrum which is proportional to approx-
imately f −5/3 in the so-called inertial subrange. For atmo-
spheric conditions, this inertial subrange is from about a few
millimetres up to the largest eddies in the atmosphere. For
ground-based measurements in a height h the largest eddies
which contribute to the measured time series have a length
scale of l ≈4·h (see Fig. 1 in Muschinski and Roth, 1994,
1994 for an explanation) which deﬁnes the upper limit for
the inertial subrange. With the relation f =U/l, where U is
the mean ﬂow velocity one can estimate the low frequency
end f0 for the inertial subrange: f0 =U/(4·h).
It should be noted that classical inertial subrange scaling
– PSD∝f −5/3 – is based on assumptions such as a quasi-
homogeneous and local isotropic velocity ﬁeld and there is
no thorough discussion in the literature why a time series
based on a counting process should also follow exactly the
same scaling laws as, for instance, the wind velocity or tem-
perature. A detailed discussion about this issue and possi-
ble deviations from the classical inertial subrange scaling is
going beyond the scope of this work. We use the spectral
analysis only to distinguish between scaling regions (e.g.,
frequency ranges with PSD ∝f −α where α is the scaling
exponent) and white noise which results in a ﬂat spectrum
meaning that all the variance of the ﬂuctuations is equally
distributed over the frequency range.
The following analysis is based on a 5-min long
dataset taken about 1m above ground level. The mean
wind speed was about U =3–4ms−1 which resulted in
f0 ≈3ms−1/(4·1m)=0.75Hz. That is, for a frequency
range between 0.75Hz up to the maximum frequency of our
measurements (100Hz) we can safely conclude that our par-
ticle measurements are well within the inertial subrange.
The ground surface was ﬂat for at least 200m up-stream
to the measurement point without any artiﬁcial sources for
aerosol particles. The sampling gate was again 10ms. Fig-
ure 10 shows the PSD of N in a log-log representation; the
black dashed line indicates the −5/3 slope as a reference for
inertial subrange scaling, the red dot-dashed line is a PSD
based on artiﬁcial data which are completely Poisson dis-
tributed resulting in a ﬂat spectrum. The increased scatter at
the low-frequency end is due to statistical noise since only
a few events with a time scale of t =1/f ≈1/0.01Hz=100s
can be resolved in 300s-long time series.
The black curve with circles represents the PSD with
full resolution of fs =100Hz (note that the PSD can
be displayed only up to the so-called Nyquist frequency
fNy =fs/2=50Hz). In the frequency range between 10−2
Atmos. Meas. Tech., 4, 823–833, 2011 www.atmos-meas-tech.net/4/823/2011/B. Wehner et al.: Characterisation of Fast CPC 831
660.22 660.24 660.26 660.28 660.30 660.32 660.34
t in s
2
3
4
5
6
7
8
9
 
N
 
[
1
0
4
 
c
m
-
3
]
gate: 10 ms
t0 = 660.275 s; t = 5 ms
d N
N1
N0
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Fig. 10. The upper panel shows a 300-s long time series recorded under undisturbed atmospheric conditions. The FCPC was located about
1ma.g.l. (above ground level). The lower panel shows corresponding power spectral density functions using the full resolution (black curve),
a running mean over 3 values (green curve) and a running mean over 5 values (blue curve). The red curve shows the spectral density of
Poisson distributed data resulting in white noise (ﬂat line). The black dashed line indicates a −5/3 slope for inertial subrange scaling.
and 1Hz, the PSD shows roughly a −5/3 slope with in-
creased scatter in particular for the lowest frequencies due
to statistical noise. For higher frequencies the PSD shows
less scatter, but a steeper slope compared with −5/3. At a
frequency of ≈6Hz the PSD begins to ﬂatten which indicates
thatthePoissonnoisedominatesoverthecoherentstructures.
In order to reduce the sampling noise, a running average
with a window width m was applied to the time series. Here
m=3 (green curve) andm=5 (blue curve) were chosen. That
is, the sampling gate was increased from 10 ms to 30 and
50ms, respectively. This kind of “low-pass ﬁltering” with
a cut-off frequency of fc ≈fs/(2 m) reduces the sampling
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noise and, therefore, increases the scaling range: most obvi-
ous for m=5 (fc =10Hz), the scaling range can be expanded
from about 6 to 12Hz. Consequently, under these atmo-
spheric conditions the FCPC has a realistic time resolution
of approximately 0.1s.
4 Summary and outlook
A new fast-measuring CPC was built based on the setup of
Wang et al. (2002). The time resolution of this instrument is
signiﬁcantly higher than that of commercially available in-
struments, therefore, it is called Fast CPC (FCPC). The func-
tionality and stable operation of the FCPC was demonstrated
in the laboratory as well as under atmospheric conditions for
the ﬁrst time.
The counting efﬁciency shows a behaviour similar to lam-
inar ﬂow-type CPCs: with increasing temperature difference
DP50 is moving to smaller diameters. In this study, temper-
ature differences from 25 to 29K were chosen leading to a
DP50 between 8.5 and 6.1nm. Above 25nm the counting ef-
ﬁciency reached its maximum value of 98–100% compared
to an aerosol electrometer, a value which is similar to other
commercialCPCs. TheFCPCdemonstrateditsabilitytoper-
form stable measurements over a few hours, except that the
DP50 of the counting efﬁciency curve is moving to larger par-
ticlesizeswhenbutanolisnotﬁlledcontinuously. Adecrease
of 13% at a ﬁxed size on the slope corresponds to a shift of
less than 0.5nm, which deﬁnes the error in diameter of our
efﬁciency curve. Considering the total number in the concen-
tration only, without a dominant nucleation mode, the shift is
negligible. For detailed studies on new particle formation, as
well as potential ground-based or long-term applications, the
FCPC needs to be modiﬁed to ensure a continuous butanol
supply into the wick. As proposed, the current version ful-
ﬁls the requirements of a two-hour measurement ﬂight of the
helicopter-borne platform ACTOS.
The usable time resolution of the FCPC for atmospheric
measurements is limited by two facts: (i) the mixing time
of the FCPC which was estimated to be on the order of 5ms
and which is fully determined by technical issues, and (ii) the
crossover of coherent turbulent structures and Poisson noise
which can be derived from spectral analysis. The latter one
is completely deﬁned by the width of the sampling gate, the
particle number concentration and ﬂuctuations and the atmo-
spheric turbulence and was estimated to approximately 0.1s
in the presented case.
The new FCPC was implemented on the helicopter-borne
platform ACTOS and applied in boundary layer measure-
ments. The focus here is on the analysis of particle number
ﬂuctuations in regions with highly turbulent structures such
as cloud edges and mixing zones near inversions. The FCPC
enables airborne particle measurements on the meter-scale
for the ﬁrst time which will improve the understanding of
small-scale particle processes signiﬁcantly.
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